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We develop a class of supercell photonic crystals supporting complete photonic bandgaps based
on breaking spatial symmetries of the underlying primitive photonic crystal. One member of this
class based on a two-dimensional honeycomb structure supports a complete bandgap for an index-
contrast ratio as low as nhigh/nlow = 2.1, making this the first such 2D photonic crystal to support a
complete bandgap in lossless materials at visible frequencies. The complete bandgaps found in such
supercell photonic crystals do not necessarily monotonically increase as the index-contrast in the
system is increased, disproving a long-held conjecture of complete bandgaps in photonic crystals.
Since their discovery, photonic crystals have become
an indispensable technology across the entire field of op-
tical physics due to their ability to confine and control
light of an arbitrary wavelength [1–4]. This critical fea-
ture is achieved by designing the crystal lattice to possess
a complete photonic bandgap, a range of frequencies for
which no light can propagate regardless of its momen-
tum or polarization. Unlike their electronic counterparts
in conventional crystals, whose band structure is limited
to the crystal lattices available in atomic and molecular
structures, the dielectric structure comprising a photonic
crystal can be specified with nearly complete arbitrari-
ness, yielding a vast design space for optimizing photonic
crystals for specific applications that is limited only by
the index of refraction of available materials at the oper-
ational wavelength. For example, photonic crystals have
been developed to promote absorption in monolayer ma-
terials [5, 6], or for use in achieving high-power solid-state
lasers [7–9]. Moreover, this design freedom in dielec-
tric structures has been leveraged in numerous studies to
optimize the complete bandgaps in high-index materials
[10–31]. Unfortunately, similar efforts to realize new crys-
tal structures or improve upon existing ones to achieve
complete bandgaps in low-index materials have yielded
only minor improvements upon traditional simple crys-
tal structures with high symmetry [32, 33], i.e. the inverse
triangular lattice in two-dimensions [4] and the network
diamond lattice in three-dimensions [34]. This has led
many to conclude that the known high-symmetry dielec-
tric structures are nearly optimal for achieving low-index
complete bandgaps [33].
However, the ability to realize complete bandgaps for
low-index materials is critically important to the devel-
opment of many photonics technologies operating in the
visible wavelength range, such as augmented and virtual
reality systems, where the highest index lossless materi-
als have n ≈ 2.4–2.5. Currently, there are no known 2D
photonic crystals which display a complete bandgap in
this index contrast regime, and thus it is not possible to
realize dual-polarization in-plane guiding at this index
contrast using photonic crystal slabs. Although a few
3D photonic crystals do display a complete bandgap in
this range, 3D photonic crystals are difficult to fabricate
[35–39].
In this Letter, we demonstrate a new class of com-
plete photonic bandgaps which are achieved by judi-
ciously breaking symmetry, rather than promoting it.
By starting with a photonic crystal possessing a large
bandgap for one polarization, we show that by expand-
ing the primitive cell of the photonic crystal to form a
supercell and then slightly adjusting the dielectric struc-
ture within this supercell to break part of the transla-
tional symmetry of the original primitive cell, a bandgap
in the other polarization can be opened, thus produc-
ing a complete bandgap. This method yields a two-
dimensional photonic crystal based on a honeycomb lat-
tice with a complete bandgap that persists down to
an index-contrast ratio of nhigh/nlow = 2.1, the low-
est known index-contrast ratio in 2D photonic crystals.
Such low index contrast bandgaps can also be translated
into photonic crystal slabs, where they represent the first
structures able to confine optical frequencies in-plane re-
gardless of their polarization. In contrast to the complete
photonic bandgaps found in traditional photonic crystals,
complete bandgaps in supercell photonic crystals do not
necessarily monotonically increase as a function of the
index-contrast ratio, disproving a long-held conjecture in
the photonic crystal literature [4].
To illuminate how symmetry breaking can help to re-
alize complete photonic bandgaps, we first consider the
2D photonic crystal comprised of a network structure on
a honeycomb lattice depicted in Fig. 1(a). The primi-
tive cell of this system contains a pair of vertices in this
network lattice, and the system can be parameterized
solely in terms of the thickness, t, of the lines forming
the network structure. Although in a low-index network
structure, nhigh/nlow = 2.4, a wide range of t yields a
large transverse electric (TE) bandgap as shown in Fig.
1(b), no complete photonic bandgap exists for any choice
of t for this choice of nhigh/nlow.
However, starting from the crystal structure as shown
in Fig. 1(a), we can find a complete bandgap in a closely
related supercell photonic crystal. First, we increase the
size of the primitive cell to contain six vertices which
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FIG. 1. (a),(c),(e) Schematics of 2D photonic crystals formed
of a network of a high dielectric material with n = 2.4 (black
region) in a background of air, nair = 1. The unit cell for the
corresponding band structure in (b),(d),(f) is shown in green.
Parameters which characterize these crystals are indicated in
purple. The structures in (a) and (c) are completely speci-
fied by the line thickness, t, while the structure in (e) is com-
pletely specified by three parameters, the thick line thickness,
t1, the thin line thickness, t2, and the shortest distance from
a thick line to the center of its corresponding thick-bordered
hexagon, r. l denotes the distance between two vertices in
the primitive honeycomb lattice. (b),(d),(f) Band structures
around the border of the irreducible Brillouin Zone for the
photonic crystals shown in (a),(c),(e), respectively, in which
the TE bands are shown in red and the TM bands are shown
in blue. In (b), the 2nd TM band is shown as cyan, while the
corresponding folded bands in the supercell Brillouin zone in
(d) and (f) are also shown in cyan. In (b),(d), t/l = 0.3636,
while in (f), t1/l = 0.4149, t2/l = 0.0816, and r/l = 0.8145,
and a complete bandgap is found with width ∆ω/ω0 = 8.6%
between the 8th and 9th bands, shown in yellow. Band struc-
tures were calculated using MIT Photonic Bands (MPB)
[40].
form the supercell, as depicted in Fig. 1(c). In doing so,
each of the bands in the primitive Brillouin zone fold up
into three bands in the supercell Brillouin zone, shown
in Fig. 1(d). Along the edge of the supercell Brillouin
zone (M ′ → K ′), pairs of the folded supercell bands can
form lines of degeneracies, i.e. degenerate contours [41],
and one such degenerate contour is formed per trio of
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FIG. 2. Plot of the optimized complete bandgap width
as a function of the index contrast, nhigh/nlow for five differ-
ent 2D photonic crystals, supercell network honeycomb lattice
discussed in Fig. 1 (red), traditional inverse triangular lattice
(magenta), decorated network honeycomb lattice designed in
Ref. [32] (blue), traditional network square lattice (green),
and supercell network square lattice discussed in Fig. 4 (yel-
low). The black regions correspond to the high index material,
nhigh, while the white regions correspond to low index ma-
terial, nlow. Optimized complete bandgaps were calculated
using MPB [40].
folded bands originating from the same band in the prim-
itive Brillouin zone. From the perspective of the super-
cell photonic crystal, the degeneracies comprising each
of the degenerate contours are accidental, and are only
the result of the supercell obeying an extra set of spatial
symmetries as it is a three-fold copy of the original pho-
tonic crystal. Thus by breaking these symmetries, the
degeneracies forming the degenerate contours are lifted,
and a gap can begin to open between the two transverse
magnetic (TM) bands. The supercell is now character-
ized in terms of three parameters, the thickness of the
center lines, t1, the thickness of the connecting lines, t2,
and the size of the thick-lined hexagons, r, shown in Fig.
1(e). When the symmetry breaking becomes sufficiently
strong, a complete photonic bandgap opens between the
8th and 9th bands of the system, whose maximum width
at nhigh/nlow = 2.4 can be found numerically to be
∆ω/ω¯ = 8.6%. Here, ∆ω is the difference between the
minimum of the 9th band and the maximum of the 8th
band, while ω¯ is the central frequency between the two
bands. Rigorously, after the symmetry of this system is
broken, the supercell containing six vertices becomes the
primitive cell of the system. However, for semantic con-
venience, we will continue to refer to this larger primitive
cell as the ‘supercell’ and reserve ‘primitive cell’ for the
smaller system whose symmetry is intact.
Previously, the lowest index-contrast ratio known to
support a complete bandgap in a 2D photonic crystal
was a decorated honeycomb lattice, shown as the blue
curve in Fig. 2, which has a complete bandgap between
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FIG. 3. (a) Schematics of a 3D photonic crystal slab con-
sisting of high dielectric hexagonal rods with n = 2.4 in a
background of air, nair = 1, each of which also contains a
hexagonal air hole in its center. This system can be com-
pletely parameterized using exactly the same choice of t1, t2,
and r from the 2D photonic crystal shown in Fig. 1(e), as
well as the height of each rod, h. For the structure in (a)
t2 = 0. (b) Band diagram for the photonic crystal slab shown
in (a), in which the even modes with respect to the mirror
plane at z = 0 are shown in red, while the odd modes are
shown in blue. The grey regions of the band diagram indi-
cate the continuum of radiation modes which lies above the
light line. As can be seen, a complete bandgap with width
∆ω/ω0 = 4.3% (yellow) opens between the 7
th and 8th bands
for t1/l = 0.7482, t2/l = 0, r/l = 0.7405, and h/l = 3.564,
where l is again the distance between two vertices in the un-
derlying primitive honeycomb lattice. Band structures were
calculated using MPB [40].
the 3rd and 4th bands for index-contrast ratios as low
as nhigh/nlow = 2.6 [32]. This structure provides a rel-
atively modest improvement upon the traditional trian-
gular lattice of air holes, also shown in Fig. 2 as the pink
curve. In contrast, the supercell honeycomb lattice pos-
sesses a complete bandgap for index-contrast ratios as
low as nhigh/nlow = 2.1, and as such is the first 2D pho-
tonic crystal design that can realize a complete bandgap
for visible wavelengths where the largest index of refrac-
tion possible in lossless materials is n ≈ 2.4–2.5, which is
found in Diamond [42], Titanium Dioxide [43], and Stron-
tium Titanate [44]. Furthermore, this supercell honey-
comb structure could also be used in conjunction with
high-index materials available in other frequency ranges
so that the low-index material used in the structure need
not be air. For example, this could enable realizing com-
plete bandgaps in completely solid photonic crystal fibers
operating in the communications band, where the high
index regions are Silicon, nhigh = 3.48, and the low-index
regions are filled with fused silica, nlow = 1.45, such that
nhigh/nlow = 2.4 for λ = 1.55µm.
This 2D supercell honeycomb structure can also be
used to design new photonic crystal slabs so as to provide
confinement in three dimensions. In Fig. 3, we show a
supercell honeycomb slab with a complete below-light-
line dual-polarization bandgap of ∆ω/ω0 = 4.3% for
nhigh/nlow = 2.4. Note that in photonic crystal slabs, to
define a band gap one only considers the phase space re-
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FIG. 4. (a),(c),(e) Schematics of 2D photonic crystals formed
of a network of a high dielectric material with n = 3.2 (black
region) in a background of air, nair = 1. The unit cell for the
corresponding band structure in (b),(d),(f) is shown in green.
Parameters which characterize these crystals are indicated in
purple. The structures in (a) and (c) are completely speci-
fied by the line thickness, t, while the structure in (e) is com-
pletely specified by three parameters, the thick-line thickness,
t1, the thin-line thickness, t2, and the shortest distance from
a thick line to the center of its corresponding thick-line bor-
dered square, r. l denotes the distance between two vertices
in the primitive cell. (b),(d),(f) Band structures around the
border of the irreducible Brillouin Zone for the photonic crys-
tals shown in (a),(c),(e), respectively, in which the TE bands
are shown in red and the TM bands are shown in blue. In (b),
the 2nd (3rd) TM band is shown as light blue (cyan), while
the corresponding folded bands in the supercell Brillouin zone
in (d) and (f) are also shown in light blue (cyan). In (b),(d),
t/aPC = 0.32, while in (f), t1/aPC = 0.34, t2/aPC = 0.16, and
r/aPC = 0.605, and a complete bandgap is found with width
∆ω/ω0 = 4.6% between the 12
th and 13th bands, shown in
yellow. Band structures were calculated using MPB [40].
gions below the light line, as above the light line the radi-
ations modes form a continuum with no gaps. To the best
of our knowledge, this represents the first system which
could confine visible frequencies emitted from a omni-
polarization source burried within the system. Likewise,
this design could also be used to realize entirely solid pho-
tonic crystal slabs for communications frequencies where
higher index dielectric materials are available.
The procedure used above is not restricted to the hon-
eycomb lattice. To illustrate this point, we use the same
method to produce a complete bandgap in a 2D supercell
square network lattice, as shown in Fig. 4. Unlike in the
primitive honeycomb crystal, the TE bandgap in the un-
derlying primitive square lattice is spanned by two TM
bands. Thus, a complete bandgap is only realized for
sufficiently strong symmetry breaking so that not only
does a gap open in each degenerate contour of the folded
supercell TM bands, but that a gap opens between these
two folded bands. This limits the overall width of the
complete bandgap, and the lowest index-contrast ratio
for which this structure possesses a complete bandgap is
nhigh/nlow ∼ 3.1, as shown as the yellow line in Fig. 2.
However, this still represents a significant improvement
upon the range of index-contrast ratios which can yield
a complete bandgap when compared against other 2D
photonic crystals based on a square lattice.
Complete bandgaps in supercell photonic crystal pos-
sess three features which distinguish them from complete
bandgaps found in traditional photonic crystals. First,
as noted above, these structures have been designed by
specifically breaking symmetry within the system. This
is entirely distinct from what is observed for bandgaps
found in traditionally designed structures, which consider
the high-symmetry triangular lattice in 2D and diamond
lattice in 3D to be near optimal. Second, as can be seen in
Fig. 2, complete bandgaps in supercell structures do not
necessarily monotonically increase in size as a function of
the index-contrast. This disproves a long-held conjecture
of complete bandgaps in photonic crystals, that the op-
timized bandgap (between the same two bands) always
increases as the index contrast increases [4]. Finally, the
complete bandgap in supercell crystals is found between
higher order bands. This is unlike many photonic crys-
tal structures previously considered where the complete
bandgap occurs between lower-order bands.
Designing two-dimensional supercell photonic crystals
to possess complete bandgaps has three steps. First, a
candidate primitive photonic crystal must be constructed
which possesses a large bandgap for one polarization, and
which is spanned by at most one or two bands in the other
polarization. Second, a supercell must be generated from
this primitive cell such that the degenerate contours of
the folded band spanning the single-polarization bandgap
lie entirely within the single-polarization bandgap. Fi-
nally, the supercell perturbation which breaks the under-
lying primitive cell symmetries must be designed, such
that a bandgap in the degenerate contour opens before
the single-polarization bandgap in the original primitive
system closes.
We expect these same design principles to hold for
finding complete bandgaps in three-dimensional super-
cell photonic crystals, but in practice we have been un-
able to find such a structure. Although the second and
third steps in the above procedure are relatively straight-
forward, finding good candidate primitive cell structures
is much more challenging in 3D, as it is rare to find what
would be a large bandgap spanned by only a single other
band. For comparison, this is relatively easy in 2D, struc-
tures with isolated dielectric elements typically possess
large TM bandgaps, but not TE bandgaps, while network
structures typically possess large TE bandgaps, but no
TM bandgaps.
In conclusion, we have developed a new class of pho-
tonic crystals which support complete bandgaps which
stem from breaking spatial symmetries. These structures
can exhibit complete bandgaps for much lower index-
contrast ratios than was previously known, enabling the
confinement of visible light in two-dimensional struc-
tures. The discovery of this new class of supercell struc-
tures also provides encouragement that there may be sig-
nificant improvements remaining to be discovered in de-
signing and optimizing complete bandgaps at low index-
contrasts in both two- and three-dimensional systems.
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